**Research Highlights**

\(1\) Glial cell proliferation around a cortical focus and significantly increased connexin expression were found in rats with posttraumatic epilepsy.

\(2\) Large amounts of glial cell proliferation and abnormal gap junction generation have a role in posttraumatic epilepsy.

\(3\) Carbenoxolone pretreatment or treatment could significantly reduce connexin expression, inhibit glial cell proliferation around a cortical focus and attenuate seizure degree of posttraumatic epilepsy.

INTRODUCTION {#sec1-1}
============

Posttraumatic epilepsy is a form of epilepsy that results from abnormal neuronal discharge caused by physical trauma to the brain\[[@ref1][@ref2]\]. The incidence of posttraumatic epilepsy ranges from 4.4--53% in different traumatic conditions\[[@ref3]\]. It is estimated that 5 000--30 000 new posttraumatic epilepsy cases per year are caused by brain trauma\[[@ref4]\]. Posttraumatic epilepsy further aggravates pathological injury of brain tissues and neurobiochemical changes, increases risk of death, and results in huge mental and employment pressure in addition to economic burden\[[@ref5][@ref6]\]. As an effective prevention of posttraumatic epilepsy has not been discovered, most posttraumatic epilepsy patients may develop refractory epilepsy. However, why posttraumatic epilepsy occurs post brain trauma remains poorly understood. Furthermore, why posttraumatic epilepsy occurs after a certain degree of recovery following brain injury, and discovering the triggering mechanism of neuronal discharge\[[@ref7][@ref8]\] are still questions that require answering. Given these gaps in our knowledge regarding this condition, increasing attention has been paid to posttraumatic epilepsy\[[@ref9][@ref10][@ref11][@ref12]\].

In the central nervous system, neuronal synaptic transmission includes chemical and electrical synapses. Gap junctions are the structural basis of the electrical synapse, transferring information *via* this structure. Gap junctions are the only known direct channel for cell substances and information exchange and may play a role between information communication between glial cells and neurons\[[@ref13]\]. Meister *et al*\[[@ref13]\] found that the interval time of action potential transfer between two adjacent ganglion cells is almost zero, and separated by 1 to 2 minutes of silence. This direct transfer of gap junction has been regarded as an important reason for synchronous activity of neurons\[[@ref13]\]. Gap junctions play an important role in the regulation of growth, differentiation and physiological function of nerve cells; therefore, increasing studies have focused on the correlation between gap junction-generated electrical synapses between neurons and epilepsy pathogenesis\[[@ref14][@ref15]\]. Connexin is the basic structural and functional protein of intercellular gap junction channels. Connexin belongs to a large family of membrane proteins coded by a multigene family and specifically expressed in all tissues in the body\[[@ref16]\]. Connexin 43 is mostly expressed in the brain of adult mammals\[[@ref17]\], and is thought to have important physiological functions including regulating cell proliferation and differentiation, maintaining environmental homeostasis in cells, and protecting organism development and hemocyte formation\[[@ref18]\].

Carbenoxolone is a gap junction blocking agent and can pass the blood-brain barrier. The mode of action of carbenoxolone is to phosphorylate connexin through activating protein kinases and G proteins in several minutes. This action leads to channel blocking and galvanic couple reduction, thereby blocking gap junctions, while not affecting neuronal properties\[[@ref19]\]. Gap junctions are a new focus in epilepsy studies and their role in brain injury and glial cell apoptosis remain controversial\[[@ref20][@ref21][@ref22]\]. Thus, we established a rat model of posttraumatic epilepsy induced by ferric ion to investigate the role of gap junctions in posttraumatic epilepsy progression.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

A total of 40 Sprague-Dawley rats were equally and randomly assigned to the normal, model, sham-surgery, carbenoxolone pretreatment and carbenoxolone treatment groups. Posttraumatic epilepsy was induced by ferric ion (FeCl~3~) injection into the model, carbenoxolone pretreatment and carbenoxolone treatment groups, while the sham-surgery group was injected with normal saline. In addition, carbenoxolone pretreatment and carbenoxolone treatment groups were intraperitoneally injected with carbenoxolone 30 minutes prior to and following model establishment, respectively. All 40 rats were included in the final analysis.

Influence of ferric ion injection on gross morphology of rat brain {#sec2-2}
------------------------------------------------------------------

In the model group, sensorimotor cortex in the frontal lobe was significantly shrunken at the injection site in the left hemisphere. Brown yellow cortex, 1--3 mm, was observed in the cortical region from hemosiderin pigmentation ([Figure 1A](#F1){ref-type="fig"}). An injection pinhole was observed in the sham-surgery group, with no obvious pathological changes ([Figure 1B](#F1){ref-type="fig"}).

![Gross morphology of rat brain after ferric ion injection. Arrows: Pin hole.\
(A) Sensorimotor cortex in the frontal lobe was significantly shrunken at the injection site of the left hemisphere, and the cortex turned brown yellow following FeCl~3~ injection.\
(B) Only an injection pin hole was observed in rats injected with normal saline.](NRR-8-169-g001){#F1}

Carbenoxolone ameliorated seizure degree {#sec2-3}
----------------------------------------

No epileptic behaviors were found in normal and sham-surgery groups, but various types of epileptic seizure occurred following model establishment. Both carbenoxolone pretreatment and carbenoxolone treatment significantly ameliorated epileptic seizure scores compared with the model group (*P* \< 0.05); moreover, carbenoxolone pretreatment (within 5 days) exhibited better effects compared with carbenoxolone treatment (*P* \< 0.05; [Table 1](#T1){ref-type="table"}).

###### 

Mean highest degree of Racine scores of daily seizure in epileptic rats

![](NRR-8-169-g002)

Carbenoxolone reduced cortical glial fibrillary acidic protein and connexin 43 expression in epileptic rats {#sec2-4}
-----------------------------------------------------------------------------------------------------------

Immunohistochemistry staining was conducted to detect glial fibrillary acidic protein and connexin 43 expression. In normal and sham-surgery groups, a few glial fibrillary acidic protein-positive cells were observed. Cells were lightly stained, with small cell bodies and thin processes, while connexin 43-positive cells were observed occasionally, with light staining. In the model group, the number of glial fibrillary acidic protein-positive cells was significantly increased (*P* \< 0.01). Cells were darkly stained, with large cell bodies and abundant processes, in particular in the injection hemisphere. The number of connexin 43-positive cells was significantly increased compared with the normal group (*P* \< 0.01), and cells were darkly stained. In addition, the number of glial fibrillary acidic protein- and connexin 43-positive cells was significantly reduced in carbenoxolone pretreatment and carbenoxolone treatment groups compared with the model group (*P* \< 0.05). The cortical connexin 43-positive cells in the carbenoxolone treatment group were scattered and lightly stained, and was similar to the sham-surgery group ([Table 2](#T2){ref-type="table"}, Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}).

###### 

Number of glial fibrillary acidic protein (GFAP)- and connexin 43-positive cells (cells per 400-fold field of view) in rat cortex

![](NRR-8-169-g003)

![Cortical glial fibrillary acidic protein expression (immunohistochemical staining, × 200).\
The nuclei of glial fibrillary acidic protein-positive cells stained lavender with hematoxylin, while cytoplasm stained brown with diaminobenzidine. Arrows: Glial fibrillary acidic protein-positive cells.\
Glial fibrillary acidic protein expression was low in the cortex of normal (A) and sham-surgery groups (B); the glial fibrillary acidic protein expression was increased in the model group (C), but decreased in the carbenoxolone pretreatment (D) and carbenoxolone treatment groups (E) compared with the model group.](NRR-8-169-g004){#F2}

![Cortical connexin 43 expression (immunohistochemical staining, × 200).\
The nuclei of connexin 43-positive cells stained lavender with hematoxylin, while cytoplasm stained brown with diaminobenzidine. Arrows: Connexin 43-positive cells.\
Connexin 43 expression was low in the cortex of normal (A) and sham-surgery groups (B); connexin 43 expression was increased in the model group (C), but decreased in the carbenoxolone pretreatment (D) and carbenoxolone treatment groups (E) compared with the model group.](NRR-8-169-g005){#F3}

DISCUSSION {#sec1-3}
==========

When an electric circuit has a certain electrical loading and intensity of current, there is a junction point, which may trigger discharge because of bad contact induced by electrolysis or oxidation, resulting in damage or dysfunction of an electrical appliance in the electric circuit. Discharge interrupts or better connects the junction point, leading to transient or permanent disappearance of discharge at the junction point. To prevent this discharge, the junction point should be welded firmly to recover the function of the electrical circuit or completely separate the junction point to prevent further damage.

In the central nervous system, bioelectricity constitutes an electric circuit in neurons. Among the electric circuits, electrical synapses based on gap junctions are the junction points. In recent years, gap junctions have become a focus in studies of epilepsy, but most emphasize synchronization of gap junctions and central nervous system paradoxical discharge\[[@ref13][@ref15][@ref23]\] and attempt to develop a novel pathway for treating epilepsy using gap junction blocking agents. Based on discharge phenomenon in the macroscopic world, we hypothesized that as the junction point of biological electrical circuits in the nervous system, gap junctions altered in structure and function in response to abnormal physical, chemical and biological factors. They may also block bioelectricity conduction because of bad contact.

When electrical loading and current intensity at two sides of a gap junction reach a certain amount, paradoxical discharge occurs, leading to dysfunction of corresponding regions in the brain\[[@ref24]\]. This hypothesis explains some clinical doubts, for example, the focus of symptomatic epilepsy is always distributed in cerebral gray matter containing gap junctions\[[@ref25]\]. Furthermore, there are certain associations between epileptic seizure patterns and gap junctions and different connexin expression in different age stages\[[@ref26]\]. In fact, attacks of posttraumatic epilepsy at several months or years post trauma are associated with abnormal gap junctions during brain repair\[[@ref27]\]. If this hypothesis is true, we can develop novel therapies for epilepsy by finding substances to repair poorly connected gap junctions and prevent seizures in populations with high risk of epilepsy, such as brain trauma.

The present study successfully established a rat model of ferric ion-induced posttraumatic epilepsy and recorded behavior manifestations in epileptic seizures. Moreover, immunohistochemistry was used to assess cortical glial fibrillary acidic protein and connexin 43 expression. The differences in the above indexes were compared prior to and following carbenoxolone treatment. We selected the ferric ion-induced posttraumatic epilepsy model, cortical glial fibrillary acidic protein and connexin 43 as observation indexes because after brain trauma, glial cell scars form and new neuronal networks are established. Gap junctions are the major connection pathway between glial cells and neurons, so structural and functional changes in gap junctions may play a key role in posttraumatic epilepsy occurrence\[[@ref28][@ref29]\]. Cortical gap junctions are abundant, and the cerebral cortex is an important site for posttraumatic epilepsy and following epileptic seizure formation and transmission. Glial fibrillary acidic protein is a specific marker of astrocytes, and its positive expression reflects increased activity of these cells. Connexin 43 is most expressed in the central nervous system of adult mammals, especially in astrocytes\[[@ref30]\].

In the present study, FeCl~3~ was injected into the sensorimotor cortex to trigger neuronal burst discharge, inducing epileptic seizures. Moreover, the course of the disease was clearly divided into the acute, rest and chronic stages, similar to the human posttraumatic epilepsy process. Immunohistochemistry showed that at 14 days after model establishment, glial fibrillary acidic protein and connexin 43 expression was significantly increased compared with normal and sham-surgery groups. This indicates that with glial cell proliferation post brain injury, glial fibrillary acidic protein-positive cells were increased, connexin 43 expression was increased, and posttraumatic epilepsy gradually formed which is consistent with previous results\[[@ref31]\]. These findings further confirm that gap junctions are involved in posttraumatic epilepsy occurrence and progression\[[@ref32]\].

The present study treated rats with the gap junction blocking agent, carbenoxolone, to further investigate the role of gap junctions in posttraumatic epilepsy occurrence and progression. Carbenoxolone has been clinically used to treat gastric ulcers and exhibits strong effects in blocking gap junctions\[[@ref33]\]. Carbenoxolone treatment prior to model establishment significantly reduced epileptic seizure degree within 5 days following modeling, and the effective time of carbenoxolone treatment group was significantly later than carbenoxolone pretreatment group. Effects of carbenoxolone treatment following model establishment were similar to results seen by Medina-Ceja *et al*\[[@ref34]\], further confirming that gap junctions are a promising target in epilepsy treatment. Carbenoxolone pretreatment was seen to be more valuable and may inhibit abnormal gap junction formation. This information provides a new pathway for preventing posttraumatic epilepsy post brain injury. Our results confirm, to a certain degree, the hypothesis that structural and functional changes in gap junctions are the source of abnormal neuronal discharge resulting from "bad contact" in neuronal electrical conduction.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-5}
------

A randomized, controlled, animal study.

Time and setting {#sec2-6}
----------------

Experiments were conducted in the Institute of Nautical Medicine, Nantong University, China from January 2009 to December 2010.

Materials {#sec2-7}
---------

### Animals {#sec3-1}

A total of 40 healthy adult male Sprague-Dawley rats, aged 6--8 weeks, weighing 220--250 g, were provided by the Laboratory Animal Center of Nantong University \[license No. SCXK (Su) 2008-0010\]. They were housed at 25 ± 2°C with 40--60% humidity in natural day/night cycle and allowed free access to food and water. Animal procedures were conducted in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref35]\].

### Drugs {#sec3-2}

Carbenoxolone, with the chemical formule of C~34~H~48~O~7~Na~2~, purity ≥ 98%, was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Methods {#sec2-8}
-------

### Posttraumatic epilepsy model establishment {#sec3-3}

A posttraumatic epilepsy model was established by injection of FeCl~3~ as previously described\[[@ref36]\] after some modifications. The rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (350 mg/kg) and placed in a stereotaxic instrument (Stoelting, Wood Dale, IL, USA). Following routine skin disinfection, a 3.0 cm scalp incision was made along the vertex median line. According to the Rat Brain in Stereotaxic Coordinates\[[@ref37]\], a hole of 2.0 mm diameter was drilled at 2.0 mm posterior to coronal suture, 2.0 mm lateral to sagittal suture of the left cranium ([Figure 4](#F4){ref-type="fig"}), and a micro-injection pump (WPI, Sarasota, FL, USA) was used to slowly inject 10 μL FeCl~3~ solution (0.1 M; Shanghai Jinshan Medicine Chemical Industry Factory, Shanghai, China) to a depth of 2.5 mm, 1 μL/min. The needle was maintained for 10 minutes to prevent FeCl~3~ leakage. The skin was closed, and rats were removed from the instrument after routine disinfection. The sham-surgery group was injected with 10 μL normal saline into the sensorimotor area of the left cortical frontal lobe. Rat behaviors were observed during and 120 minutes after injection, and 9:00 a.m. to 11:00 a.m. every day thereafter. Behaviors of rats were evaluated according to Racine scale of epileptic seizure\[[@ref38]\]: grade 0, no behaviors of epileptic seizure; grade 1, face clonus, chewing, yawning; grade 2, nodding, face clonus, neck muscle convulsion in addition to behaviors of grade 1; grade 3, forelimb or hindlimb convulsion in addition to behaviors of grade 2; grade 4, hindlimb standing, sudden standing in addition to behaviors of grade 3; grade 5, rhythmic convulsion of four limbs, hindlimb stiffness and dorsal flexure or convulsion in addition to behaviors of grade 4. According to the Racine scale, rats at grade 4 or higher were selected as models.

![FeCl~3~ injection site in the cranium\[[@ref37]\].\
The hollowed dot represents the injection site at the left cranium.](NRR-8-169-g006){#F4}

### Carbenoxolone pretreatment and treatment {#sec3-4}

The carbenoxolone pretreatment group was intraperitoneally injected with 20 mg/kg carbenoxolone 30 minutes prior to model establishment. The carbenoxolone treatment group was injected intraperitoneally with 20 mg/kg carbenoxolone 30 minutes following model establishment, once a day for 14 consecutive days\[[@ref39]\].

### Immunohistochemistry for cortical glial fibrillary acidic protein and connexin 43 expression {#sec3-5}

At 14 days after model establishment, the rats were anesthetized, followed by thoracotomy to expose the heart. The rats were perfused with normal saline and 4% paraformaldehyde phosphate buffer through the left ventricle. The rats were sacrificed and the brain was harvested, postfixed with 4% paraformaldehyde PBS for 24 hours and dehydrated with phosphate buffer containing 20% and 30% sucrose. The cross-section of 3.20--3.80 mm posterior to Bregma was harvested for serial sections on ice, 6 μm thick. Immunohistochemistry was conducted using the streptavidin peroxidase conjugated method\[[@ref40]\]. Briefly, the brain sections were rinsed with 0.01 M PBS, placed in peroxidase blocking solution at room temperature for 10 minutes, washed and incubated with mouse anti-rat glial fibrillary acidic protein monoclonal antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit anti-connexin 43 polyclonal antibody (1:100; Bioss, Beijing, China) at 4°C for 1 day. The antibodies were removed, and the sections were washed, incubated with secondary antibodies, ready-to-use goat anti-mouse/rabbit IgG (1:50; Maixin, Fuzhou, China) at room temperature for 15 minutes. The secondary antibody was removed, and sections were washed, visualized using diaminobenzidine (Maixin), stained with hematoxylin (Sinopharm Chemical Reagent Co., Shanghai, China) for 30 seconds, washed with tap water, dehydrated, mounted, and observed using a light microscope (Nikon, Tokyo, Japan). The negative control was treated with immunohistochemical staining primary antibody dilution buffer (Beyotime, Nantong, China) rather than primary antibody. Six serial sections from each rat were selected, and the number of glial fibrillary acidic protein- and connexin 43-positive cells was quantified under a 400 × magnification light microscope. The mean value was calculated as the number of positive cells in each rat.

### Statistical analysis {#sec3-6}

Data were analyzed using Stata version 10.0 (Stata, College Station, TX, USA) and expressed as mean ± SEM. Comparison among groups was conducted using one-way analysis of variance, and intergroup comparison using *q*-test and paired comparison using two-sample *t*-test. A value of *P* \< 0.05 was considered statistically significant.
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